Introduction
The nucleolus is a part of the cell nucleus involved in the transcription ofribosomal genes and in ribosome biogenesis (1) . Since knowledge of the distribution of DNA in nucleoli is important for afunctional understanding, several attempts have been made to localize it within the nucleolar components. With conventional electron microscopic (EM) staining techniques, three major components termed the fibrillar center (FC), the dense fibrillar component (DF), and the granular component (GC) can be distinguished in most cell types (2.3). It is generally accepted that the GC represents a pool of pre-ribosomes. Recent DNA-RNA in situ hybridization (ISH) data obtained by provided evidence that first processing of rRNA occurs in the DF.
Contradictory results have been obtained about the DNA content and functional role of the DF and the FC in ribosome biogenesis. Authors using immunogold techniques localized DNA in the FC but did not describe signal in the DF ( 5 ) . It could not be clari-fied with DNA-DNA ISH whether the DF contains DNA or not (compare 6 with 7,8).
Histochemical methods applied for selective visualization of DNA (9-12) usually result in strongly contrasted DNA, whereas other structures are pale and difficult to distinguish.
Some of the problems in assigning the location of DNA or rDNA to either the DF or the FC might also be caused by difficulties in attributing the signal to nucleolar fibrillar components in those cells where the DF is found only around and adjacent to the FC. For this reason we chose to investigate DNA distribution in the fairly unique and distinct nucleolus of the human Sertoli cell. The individual nucleolar components are arranged in a typical and consistent spatial pattern (13J4). To some extent this allows identification of the nucleolar components even in low-contrast situations. Furthermore, in these nucleoli some parts of the DF always occur at a distance of several micrometers from the FC ( l j ) , which makes a distinction between these two components unequivocal.
Our aim was to investigate the distribution of intranucleolar DNA with different techniques such as EM immunocytochemistry, EM high-resolution ISH, and EM high-resolution cytohistochemistry. The combination of diverse approaches can be useful to resolve biological questions. The data obtained can be related to previous investigations in this type of nucleolus (7,14,15) and hence are useful for a better understanding of the nucleolar organization in this particular model. of 1 hr at 37'C and (c) grids were incubated with anti-DNA antibody mixed with an excess amount of placental DNA (Sigma) before incubation. After all these procedures no signal above background level was detected, which excludes an unspecific reaction with possible ~~s t i & y~~ cell components; furthermore it confirmed the specifity of the antibody for DNA.
Materials and Methods

cells* Human
in the Of prostate cancer treatment. The patients had received no chemotherapy. hormone treatment. or radiation therapy before surgery. The testicular histology was normal. Tissue from three patients was fixed and embedded in the hydrophilic resin LR White (London Resin CO; London. UK) for EM ISH and EM immunostaining as described earlier (16). Thin sections were mounted on gold grids and subjected to one of the following procedures.
Detection of DNA with Anti-DNA Antibodies. The anti-DNA antibody used in this study is highly specific for DNA (17). Sections mounted on gold grids were put on drops of 100% fetal calf scrum (FCS) (PAA; Linz, Austria) for 10 min at room temperature (RT). Subsequently, they were incubated with a m o w anti-DNA antibody (Boehringer; Mannhcim. Germany) diluted 1:l in 10% BSA-PBS-Tween (bovine scrum albumin, 0.05% Tween in PBS composed of 0.105 M NaCI. 1.7 mM NaHzP04. 1.7 mM Na2HP04. pH 7.4) for 1 hr and then washed three times in PBS-Tween. For visualization ofthe anti-DNA antibody bound to the sections. two diffrrent procedures were applied. (a) Incubation with an anti-mouse antibody raised in sheep (Bio-Science Products; Emmenbriicke. Switzerland) diluted 1:lOO in 5% BSA-PBS-Tween (pH 7.4) was followed by three washes and an incubation with a donkey anti-sheep antibody coupled to 5-nm colloidal gold (CRB Northwich, UK) diluted 1:40 in 5% BSA-PBS-Tween. pH 8.2. This protocol gave generally higher values for both label density and background. (b) Sections were incubated only with a rabbit anti-mouse antibody linked to 10-nm colloidal gold diluted 1:75 in 5% BSA-PBS-TwKn, pH 8.2 (Dakopatts; Glosuup. Denmark).
For both procedures the last incubation with antibodies was followed by five washes in PBS (pH 8.2) and five washa with distilled water adjusted to pH 8.2 with Tris (Bochringer). The grids were air-dried. stained with 1% uranyl acetate in distilled water for 2 min. air-dried again, and m i n e d in an electron microscope Ueol JEM-100s Tokyo, Japan).
Three different controls were performed for the DNA detection with the anti-DNA antibody: (a) the first antibody was omitted to evaluate unspecific binding of the secondary antibodies; (b) before incubation with the anti-DNA antibody the grids were treated with three changes of freshly prepared DNAsc I (Sigma; St Louis, MO) in Tris-MgClz buffer for a total ISH with Total Genomic DNA as Probe. Total genomic human DNA (Sigma) was restricted with Eco RI and Bam HI before the incorporation of digoxigenin or biotin by nick-translation (Boehringer) according to the producer's instructions. Conditions for pre-treatment and hybridization were as described earlier (7). with one modification: denaturation of the probe and DNA in the sections was done simultaneously on glass slides that were put on a flat plate of a microprocessor-controlled Thermocycler PHC-3 (Techne; Cambridge, UK) in a moist chamber. This procedure allows adjustment of temperature and time for denaturation and hybridization conditions more precisely and reliably than conventional arrangements (18). Bound probe was detected with monoclonal antibodies (MAb) as follows. The sheep anti-digoxigenin MAb (Boehringer) was diluted 1:4 in 5% BSA-PBS-Tween (pH 7.4). the goat anti-biotin MAb (Vector; Burlingame, CA) was diluted 1:200 in 5% BSA-PBS-Tween (pH 7.4). In both cases the incubation time was *1 hr. Sections were then washed in PBS-Tween three times. Secondary antibodies were donkey anti-shetp immunoglobulins coupled to 5-nm colloidal gold (CRB) diluted 1:10 in 5% BSA-PBS-Tween, pH 8.2, or rabbit anti-goat immunoglobulins coupled to 5-nm colloidal gold (Amenham; Amersham, UK) diluted 1:lO in 5% BSA-PBS-Tween. pH 8.2. The incubation time in either case was again 1 hr. The final washing and further processing of the grids were as described for the DNA detection with anti-DNA antibody. For control of the ISH and the probe detection procedure the same controls were applied as published earlier (7).
Feulgen-like Osmium-Ammine DNA Staining. The OA complex was synthesized according to the procedure of O h s et al. (19) . The reaction was carried out as reported previously (20.21). Thin sections mounted on gold grids without supporting membrane were hydrolyzed for 25 min at RT with freshly prepared 5 N HCI. The grids were rinsed and left in distilled water. At the same time. OAIS02 was prepared by bubbling 1% aqueous OA with SO2 for 20 min. The grids were then remmd from the distilled water, rapidly dried with filter paper, and floated on the OAlSO2 staining solution for 45 min at 37'C and thoroughly rinsed with distilled water.
Statistical Evaluation of Immunogold Signal. Signal evaluation was performed after immunological DNA staining and ISH with total genomic DNA, as follows. Electron micrographs of all observed cell nucleoli that contained at least two of the three major nucleolar components (i.e.. FC, DF, GC), as well as of adjacent cytoplasmic regions, were taken at the same magnification. Areas of positively identified nucleolar components, karyoplasm, cytoplasm (excluding mitochondria), and resin, were traced by a thin pen and subsequently measured using a personal computer and software described earlier (22). Grains within the outlined fields were counted and the grain density was computed for each component per micrograph and taken as a measure for signal density. The average value of the cytoplasmic areas was defined as the background control and compared with the others by Student's t-test (23). 
Results
Detection of DNA with Anti-DNA Antibodies
After the staining procedure gold grains were found predominantly over structures known to contain DNA, i.e., nuclear chromatin and mitochondria ( Figure 1) . Figure 2 shows a section of a Sertoli cell nucleus that displays all three major nucleolar components after DNA immunostaining. Labeling within the nucleolus was typically found either as small grain clusters or as single grains. Most of the intranucleolar signal was observed over small inclusions of condensed chromatin. In addition, the computed signal density over the DF was significantly higher than background values. Although some gold grains were found over FCs, the average signal density was not significantly different from background values (Tables 1 and 2). Figure 3 shows a section of a Sertoli cell nucleolus after ISH with total genomic DNA as probe. Typically, small clusters and single grains were found all over the surrounding karyoplasm. Statistically significant concentrations of gold grains were found over the chromatin and the DF of the nucleolus. The FCs did not reveal signal above background values (Table 3 ). Table 3 ). c, fibrillar center; d. dense fibrillar component. Original magnification x 18,000. Bar = 0.5 pm.
ISH with Total Genomic DNA as Probe
Within the nucleolus the GC and the DF appeared to be less electron dense after hydrochloric acid treatment. Most of the signal consisted of clumps of well-contrasted fibers. They were seen around the nucleolus and between the pale strands of the DF (Figure 4a) . Condensed chromatin strands appeared to branch out and, by progressively loosening themselves, merged into fine stained filaments (Figures 4b and 4c) .
A large roundish agglomerate of contrasted structures appeared in the area of the FC. Smaller agglomerates could be seen in areas superimposable to DF close to but also in distance to the FC. At higher magnification both large and small agglomerates contained thin OA-stained filaments (2-3 nm thick). They were uniformly distributed throughout these agglomerates and were embedded in a rather amorphous background (Figures 4b and 4c) . At the periphery of the large agglomerate small clumps of condensed chromatin could be seen (Figure 4b) . Chromatin strands were abundantly scattered throughout the nucleoplasm, where they constituted a close network (Figure 4) . 
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Discussion
Detection of DNA with an Anti-DNA Antibody
We used two different immunogold detection protocols that qualitatively gave similar results but varied in their label density (compare Ebles 1 and 2). The antibody was sensitive enough to detect DNA in mitochondria (Figure 1) . We defined the grain density over the cytoplasm as background level because this would also compensate for some RNA crossreactivity or possible unspecific interaction with "sticky proteins."
Within the karyoplasm the label density was directly correlated with the degree of DNA condensation. The perinucleolar and intranucleolar condensed chromatin was heavily labeled. Although only a few grains were observed over the DF, statistical analysis showed the average grain density to be significantly higher than the background level, whereas the FCs were not significantly labeled (Tables 1 and 2 ).
ISH with Total Genomic DNA as Probe
ISH with total genomic human DNA as a probe basically revealed a similar distribution of DNA as compared with immunological detection (Tible 3). The overall label density was lower, indicating a lower sensitivity of this technique. There was proportionally more signal in the nucleolus and the nucleolus-associated chromatin than in the other chromatin. Since the ribosomal genes expected to be in this area are GC rich and highly repetitive (both features enhance hybridization), this might explain the relatively high label density.
Feulgen-like OA DNA Staining
The OA technique proposed by Cogliati and Gautier (24) is a specific DNA staining technique at the EM level that visualizes DNA as darkly contrasted structures (25). The specifity of the reaction is well documented (20, 21, 24) . Given the very fine reaction product and the high contrast of stained DNA structures, DNA molecules can be visualized in thin sections in situ (20) . The staining quality of the OA complex used in this study appears to equal that of Cogliati and Gautier (11, 19, 26) . The two other techniques indicate merely the presence of DNA (by gold grains). This technique shows fine filaments within the nucleolus that have a diameter of 2-3 nm (Figures 4b and 4c) , which would represent non-nucleosoma1 DNA. Additional evidence from studies in other species indicates that active rDNA genes can occur free of histones in a nonnucleosomal state (27, 28) . Hence these fine filaments can be interpreted as decondensed DNA, possibly engaged in transcription.
DNA Within the Nucleolar Fibrillar Components
Using the anti-DNA antibody and high-resolution EM ISH in combination with immunogold, we could detect DNA in intranucleolar chromatin. Smaller but statistically significant amounts were found in the DF close to and also at a distance from the FC (Figures  2 and 3) . Regarding the distribution of DNA in the fibrillar components, our findings are in agreement with previous observations on the Sertoli cell nucleolus (7,15) but appear not to be consistent with reports of Thiry et al. (29, 30) , who in fact never described DNA to occur in the DF. In contrast to the present results they found gold labeling in the FCs, preferentially at their periphery. At present we cannot say whether this discrepancy can be explained by differences in cell type or species or by variance in interpretation. In the plant kingdom, species-specific differences in nucleolar organization and distribution of ribosomal DNA are possible even between closely related species (31).
The OA technique revealed the same condensed chromatin suuctures that were positive for DNA with the methods that utilized immunogold. In addition, highly decondensed DNA filaments were evenly distributed in the FC (Figure 4b ) and in the form of focal agglomerates in the DF (Figure 4c ). The observation that the DNA agglomerates in the DF and the dispersed filaments in the FC appear very similar (if not the same) might indicate a common function. However, the presently available data are not sufficient to answer this question.
We do not know whether the immunogold DNA labeling in the DF corresponds to the dispersed decondensed filament agglomerates seen after the OA staining. A certain part of the immunogold labeling could be due to thin fibers of condensed chromatin (arrowhead in Figure 4a ) which can not be recognized in routine EM preparations. The fact that no significant gold labeling was observed over the FCs indicates either that immunogold methods as performed in this study are not sensitive enough to reveal dispersed DNA or that the DNA density in the FC is lower than that in the DF.
The OA technique revealed decondensed DNA fibers in the DF lying close to and merging into clumps of condensed chromatin (Figures 4b and 4c) . Regarding the structural functional relationship of the nucleolar fibrillar components it is worth noting that Raska and co-workers localized topoisomerase I, an enzyme necessary for complete DNA decondensation and elongation (3233) of the DNA transcript, preferentially in the DF (34). Hence we might have observed the sites of decondensation of DNA into the transcribable state within or close to the DF. Proteins necessary for transcript processing have also been localized in the DF (35), which could imply that within the confines of the DF transcription and processing may occur.
There is good evidence that the "transitional zone" between DF and FC in plant nucleoli may play an active role in rDNA transcription (36). However, it is important that in the Sertoli cell decondensed DNA can also lie in portions of the DF distant from and therefore not related to FCs (Figures 2, 3, and 4c) . In previous experiments uridine uptake into this region has been observed (15,37). It therefore seems possible that these foci of decondensed DNA are transcriptionally active. In this case the role of the fine dispersed DNA within the FC of human Sertoli cells remains enigmatic.
The DF usually does not homogeneously stain with silver, which indicates an uneven distribution of argyrophilic proteins (15). Our results clearly show that DNA is not evenly distributed throughout the DF. Therefore, the DF, as recognized in routine EM graphs, consists of domains with different molecular composition. Only a small percentage appears to contain predominantly dispersed DNA. The major part is a DNA-free domain, in which later steps of ribosome biogenesis, such as transcript processing, may occur.
